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Abstract: We describe frequency-domain Fourier-transform THz-EPR as a method to assign 
spin-coupling parameters of high-spin (S > 1/2) systems with very large zero-field splittings. 
The instrumental foundations of synchrotron based FD-FT THz-EPR are presented, alongside 
with a discussion of frequency-domain EPR simulation routines. The capabilities of this 
approach is demonstrated for selected mono- and multi-nuclear HS systems. Finally, we discuss 
remaining challenges and give an outlook on the future prospects of the technique. 
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The detection of high-spin (HS) states and the extraction of their spin-Hamiltonian (SH) 
parameters is one of the major drivers behind the development of EPR spectrometers operating 
at increasingly higher excitation frequencies and fields. For HS transition-metal ions (TMI) and 
lanthanides with several unpaired electrons, spin-orbit and spin-spin interactions among 
unpaired electrons can induce zero-field splitting (ZFS) of the magnetic sublevels [1]. Interest 
in ZFS is mainly triggered by two reasons. First, it is a sensitive probe of the metal ion’s 
coordination environment and the electronic structure [2]. ZFS values precisely determined by 
EPR can be used as benchmarks for state-of-the-art quantum-chemical calculations to provide 
insight in the relationship between electronic and geometric structure and their influence on 
chemical and magnetic properties [2, 3]. Thus, ZFS can provide crucial details about the 
structure-function relationship of HS states, in e.g., proteins or synthetic catalytic complexes. 
Secondly, ZFS determines the magnetic properties of molecular nanomagnets (MNMs). This 
fascinating class of compounds features a multitude of different magnetic characteristics as, for 
example, magnetic refrigeration [4] or single-molecule magnet (SMM) behavior [5]. The latter 
requires large axial ZFS, while the former favors vanishing ZFS.  
The method of choice for studies in the SH parameters of paramagnetic states is EPR. However, 
for HS states with large ZFS, assignment and even detection of EPR transitions can be 
challenging. These challenges arise from the fact that ZFS can cover an energy range of several 
orders of magnitude well above 100 cm-1 (several THz) [6, 7]. It can therefore induce spin-
energy-level splittings far beyond the excitation-energy range of conventional single-frequency 
EPR spectrometers.  
For half-integer (Kramers) HS systems, usually some transitions can be excited even by X- or 





magnetic-field/transition-energy range. The detection of only a few transitions can significantly 
complicate the assignment of SH parameters and ZFS in particular.  
The situation is even more complicated in the case of integer-spin (non-Kramers) states (e.g., 
MnIII or FeII), where ground-state spin energy-level splittings may exceed the excitation-energy 
range of X- or Q-band and even single-high-frequency EPR (SHF-EPR) spectrometers. 
Therefore, these cases were classified as “EPR silent” in former days.  
To improve this situation, for both Kramers and non-Kramers states, wide resonance-frequency 
(hundreds of GHz or even THz) and/or field scans (up to tens of tesla) are required. Since EPR 
transitions of HS systems with large ZFS are usually not known beforehand, an ideal 
spectrometer would enable tuning capabilities in magnetic-field- and frequency-domain, 
including frequency scans at zero magnetic field.  
This is the situation in FD-FT THz-EPR, which can monitor frequency-domain EPR (FD-EPR) 
from the microwave (MW) up to the far infrared (FIR) range. First reports about FD-FT THz-
EPR date back to the 1960s [8-13]. Based on the combination of Fourier-transform infrared 
(FTIR) spectrometers, super conducting magnets and ultra-sensitive bolometer detectors, these 
early studies revealed unique insight in the ZFS of HS TMI [8-10], TMI-doped solid-state 
samples [11], Dy, Er and Sm ethyl sulphate [13] and even metalloproteins [10, 12]. Since then, 
FD-FT THz-EPR has been employed for the determination of ZFS, which are too large to be 
studied by other EPR methods [14, 15]. In spite of impressive results obtained, FD-FT THz-
EPR was often limited by the low power levels available from broadband sources in the spectral 
range below	20 cm-1 (600 GHz). A team led by László Mihály improved this situation by the 
employment of broadband incoherent radiation, extracted from the National Synchrotron Light 
Source (NSLS, Brookhaven, NY, USA) [16-18]. The potential of synchrotron-based FD-FT 
THz-EPR, further increased drastically, when scientists at BESSY II realized a novel electron-





synchrotron radiation (THz-CSR). This radiation covers the spectral window from 5 cm-1 to 50 
cm-1 (150 GHz to 1.5 THz) with power levels up to three orders of magnitude higher than 
alternative broadband sources like incoherent synchrotron radiation or Hg-arc lamps [20]. 
Based on these achievements, we recently set up a dedicated FD-FT THz-EPR end-station at 
BESSY II [21, 22] and applied it successfully to different mono-nuclear [23-27] and exchange 
coupled multi-nuclear HS systems [21, 28-31]. 
In the following, we describe the working principles of synchrotron-based FD-FT THz-EPR 
and outline the construction details of the FD-FT THz-EPR set-up at the electron-storage ring 
BESSY II. We describe FD-EPR simulation functionalities recently introduced in EasySpin 
[25, 32]. The capabilities of FD-FT THz-EPR are further demonstrated by recent studies in 
selected mono- and multi-nuclear HS complexes. Finally, we compare FD-FT THz-EPR to 
other EPR concepts, discuss remaining challenges of these concepts for studies in HS systems 






2. FD-FT THZ-EPR DETECTION 
 
Fig. 1 Simulated FD-FT THz-EPR spectra obtained for different temperatures (left column) and magnetic fields 
(right column). (a) and (d) show EPR absorption spectra calculated with EasySpin [25, 32] for S = 5/2, ݃٣= 1.95, 
݃|| = 2.05, D = 6.93 cm-1 and E = 0 and the indicated temperatures and fields. The SH parameters correspond to 
FeIII in hemin [25] (see Fig. 4 for an energy-level scheme and experimental FD-FT THz-EPR spectra of hemin). 
To demonstrate, how FD-FT THz-EPR spectra are obtained from raw spectra, EPR absorption spectra depicted in 
panel (a) and (d) were subtracted from a broad non-resonant background modelled by a Gaussian function. The 
resulting traces are depicted in panel (b) and (e), respectively. From these traces (c) the FD-FT THz-EPR 
absorbance spectrum ܣ ൌ 	 logଵ଴ሺܫଷହ	୏ ܫ୪୭୵⁄ ሻ ൌ logଵ଴ሺܤ ܣ⁄ ሻ and (f) its magnetic-field division (MDS) counterpart 








In contrast to conventional single-frequency EPR, FD-FT THz-EPR employs a broadband 
excitation source to excite the whole spectrum at once. To yield the frequency-axis, a 
Michelson- or Martin-Puplett interferometer (see Fig. 2) is used. Hg-arc lamps emitting in the 
FIR proved to be a suitable source for FD-FT THz-EPR, but their emitted intensity drastically 
drops below 20 cm-1. FD-FT THz-EPR down to 5 cm-1 comes into reach by the employment 
of THz-CSR as high-power broadband radiation source [21]. The maximum accessible 
frequency range is directly determined by the emission spectrum of the source, while the 
spectral resolution is the inverse of the path difference of the movable mirror in the 
interferometer. FD-FT THz-EPR targets optimum frequency tunability and is thus performed 
without resonant cavity. After passing the sample, which is mounted in a magnet or sample 
cryostat, time-dependent changes of the radiation are detected as a function of the mirror 
position in the interferometer. This transient signal is converted to frequency domain by fast 
Fourier transform (FFT). As detectors, liquid-He-cooled Si and InSb bolometers are ideally 
suited due to their superior sensitivity and dynamic range. InSb bolometers are best suited for 
fast lock-in detection [21] because of their large detection bandwidth  (~1 MHz as compared to 
a few hundred Hz for their Si counterparts), but superfluid-He-cooled bolometers show the 
highest sensitivity [11]. EPR-induced transmission or reflection changes are obtained as the 
ratio of two raw spectra taken at different temperatures or external magnetic fields. Fig. 1 






2.1. The FD-FT THz-EPR setup at BESSY II 
 
Fig. 2. Scheme of the FD-FT THz-EPR spectrometer with FTIR spectrometer (gray), polarization shifter (orange), 
sample magnet (light blue) and detectors (yellow). THz radiation is transmitted by a quasi-optical beamline 
through either the sample cryostat (dark blue trace) or the sample magnet in Faraday (green trace) or Voigt 
geometry (red trace). Green and red coordinate systems indicate the orientation of the electric- and magnetic-field 
components as well as the propagation direction of the THz-radiation, E1, B1 and k, respectively. Photos (a) and 
(b) depict the polarization rotator with the THz beam pictured in green and the last vacuum corner chamber 
connecting magnet and bolometer, respectively. Corner chambers M4 to M7 accommodate off-axis quasi-optical 
mirrors, which can be adjusted from outside by the mechanical mechanism shown in the photograph. 
Fig. 2 depicts the FD-FT THz-EPR user facility at the electron-storage ring BESSY II [21, 22]. 
The spectrometer employs intense linearly polarized broadband THz-CSR as radiation source. 
To reduce standing waves in the spectrometer, and at the same time conserve the polarization 
of the excitation beam, quasi-optical elements [33] are inserted in the beamline. The THz beam 
extracted from the storage ring (depicted as green trace) is focused on the external radiation 
port of a high-resolution Michelson FTIR spectrometer (Bruker IFS 125, max. resolution: 
0.0063 cm-1 or 200 MHz). Inside the FTIR spectrometer, THz radiation can be directed to a 
liquid-He-cooled sample cryostat (T = 4.5 K – 300 K, Bruker Optistat), which is attached to the 





transmission line leaving the spectrometer (green trace). This line directs the radiation to an 
optical bench. On it, the radiation can again be switched to two different pathways through a 
superconducting split coil magnet. The magnet contains a variable-temperature insert (VTI) 
equipped with four THz-transparent z-cut quartz windows. The propagation direction of the 
THz radiation is defined by the vector k. Its orthogonal pathways through the magnet 
correspond to Faraday (green trace, B0||k) and Voigt (red trace, B0٣k) configurations. In Voigt 
geometry, the polarization of the linearly polarized THz light can be rotated around the k-vector 
by a broadband rooftop-mirror polarization shifter [34] (see photo (a) in Fig. 2). 
The magnet allows for measurements from	T = 1.5 K to 300 K, at external magnetic fields 
variable between -10 and +10 T (±11 T with pumped He reservoir). The option to apply positive 
and negative magnetic fields provides additional important experimental capabilities in 
frequency-domain EPR. It allows for, e.g., real time monitoring of quantum tunneling of SMMs 
[35]. 
Due to the typically broad inhomogeneous line widths of HS systems with large ZFS, FD-FT 
THz-EPR can be performed with high-field magnets providing field homogeneities in the per 
mille range. For the present set-up, excellent results on HS TMI could be obtained with field 
homogeneities of 0.6 % in a 10 mm diameter sphere [21, 23-31]. 
For EPR measurements in the range between 5 cm-1 and 50 cm-1 optimum conditions are 
achieved with THz-CSR. For higher excitation energies, the internal Hg-arc lamp of the FTIR 
spectrometer provides sufficient radiation power. The upper excitation-energy limit is mainly 
determined by the employed window materials (typically Mylar, quartz or diamond). If the 
sample is mounted in the magnet cryostat this limit is 180 cm-1, even higher excitation energies 





In both configurations, highly sensitive detection can be achieved with Si-bolometers (IR labs, 
cooled to 4.2 K or 1.6 K), an InSb bolometer (QMC, cooled to 4.2 K) or a fast Schottky-diode 
THz detector (ACST, RT; < 250 ps time resolution). The signal from the THz-diode detector 
can be further amplified by a 600-MHz lock-in detector (UHFLI Zurich InstrumentsTM) locked 
to the 500-MHz repetition rate of the THz-pulses emitted by the storage-ring. The depicted FD-
FT THz-EPR set-up is part of the HZB user program and can be accessed via the online-access 
tool Gate [36].  
3. FD-EPR SIMULATIONS 
Broadband FD-FT THz-EPR in the optimum case allows for the extraction of ZFS directly from 
the zero-field spectrum, which constitutes one of the most apparent benefits of this approach. 
However, for a precise determination of SH parameters and the interpretation of FD-EPR 
spectra in the presence of an external magnetic field, computer simulations are necessary. Field- 
and frequency-domain EPR are complimentary. Nevertheless, a tool for simulations of both 
modalities with the same SH model became available only recently and is therefore outlined in 
the following.  
For a complex containing several electron spins with quenched orbital angular momentum 
coupled to each other and the surrounding nuclei, the SH is written:  
ܪ෡ୡ୪୳ୱ୲ୣ୰ ൌ ܪ෡୞ୣୣ ൅ ܪ෡୞୊ୗ ൅ ܪ෡ୗୗ ൅ ܪ෡୒୳ୡ. 1
In this equation, ܪ෡୞ୣୣ accounts for the Zeeman interaction, ܪ෡୞୊ୗ for the ZFS and ܪ෡ୗୗ for the 






Field-domain EPR calculations based on eq. 1 are carried out with different simulation 
programs. The most complete and versatile numerical EPR package currently available is 
EasySpin [32], written and maintained by Stefan Stoll (University of Washington, Seattle).  
In spite of the similarity in the approach, FD-EPR simulations are computationally less 
expensive since they require only one diagonalization to calculate the whole spectrum, whereas 
field-domain simulations require several diagonalizations and the use of advanced interpolation 
schemes. However, for the calculation of FD-EPR spectra, a program with versatility and 
accessibility, comparable to field-domain simulation programs, was missing until recently. 
Furthermore, existing simulation programs were limited to the calculation of EPR spectra for 
MW magnetic fields, B1, linearly polarized either perpendicular or parallel to B0. This situation 
corresponds to the boundary conditions imposed by the employment of wave guides and MW 
resonators. Though, FD-FT THz-EPR and other high-frequency/high-field EPR approaches 
involve MW beams with circular polarization [37], unpolarized radiation [38] or non-
orthogonal field geometries [27]. These cases are not covered by the standard continuous-wave 
EPR (CW EPR) transition probabilities implemented in most EPR-simulation programs. To 
bridge this gap and increase the versatility of simulation capabilities to these new situations, we 
derived novel general and compact closed-form expressions for calculating magnetic-transition 
dipole moments and transition rates in solid-state EPR experiments on crystals and disordered 
materials. These expressions are valid for arbitrary spin centers and arbitrary excitation 
geometries (Faraday, Voigt, intermediate). They cover resonator setups and beam experiments 
with unpolarized excitation, linear polarization and circular polarization. Equations 
corresponding to these cases can be found in Ref. [27] and are implemented in EasySpin for 
field- and frequency-domain CW-EPR simulations. 
Based on the derived representation-free expression for transition probabilities, a fully flexible 





the possibility to reproduce both resonance positions and intensities of experimental FD-FT 
THz-EPR spectra over a very broad excitation-frequency/magnetic-field range for different 
alignments of B1 and B0. The new simulation capabilities now allow for the calculation of 
frequency- and field-domain EPR spectra with the same variety of SH parameters, line-shape 
models, least-square fitting abilities and EPR-excitation geometries with one simulation 
program [27].  
4. FD-FT THZ-EPR APPLICATIONS 
In this section we exemplify the application range of FD-FT THz-EPR for a few selected half-
integer and integer mononuclear HS TMIs as well as exchange-coupled multinuclear HS 
clusters.  
4.1. Mononuclear HS systems  
The magnetic properties of mononuclear HS systems can be described by the following SH: 
 ܪ෡ ൌ ܪ෡୞ୣୣ ൅ ܪ෡୞୊ୗ, 2
 ܪ෡୞ୣୣ ൌ ߤ୆ࡿ෡ࢍ࡮଴,   
 ܪ෡୞୊ୗ ൌ ࡿ෡ࡰࡿ෡, 3
where ܪ෡୞ୣୣ denotes the electron Zeeman interaction of the electron-spin vector, ࡿ,෡  with B0. µB 
is the Bohr magneton and ࢍ the electron ݃ -tensor. ܪ෡୞୊ୗ contains the ZFS, with D being the ZFS 
-tensor. In the ZFS-tensor frame, D is diagonal and the element with the strongest magnitude is 
ࡰ௭௭, such that ࡰ ൌ diag൫െభయܦ ൅ ܧ,െభయܦ െ ܧ, మయܦ൯ with the axial and rhombic ZFS parameters 
ܦ and ܧ, respectively. Under the assumption of purely axial ZFS, and in zero field, the spin-
energy levels are split in doublets according to the magnitude of the ܯௌ quantum number (ܯௌ 
being the eigenvalue of the operator መܵ௭). The only exception is the ܯௌ = 0 state, which is a 





parameter	ܧ. By contrast, half-integer HS systems remain degenerate at zero field, no matter 
which term is added to the SH. As a result, half-integer and integer-spin systems differ in their 
EPR properties. The consequences of this fact are exemplified for integer (S = 1) and half 
integer (S = 5/2) systems exhibiting very large ZFS.  
4.1.1. FD-FT THz-EPR of [Tp2Mn]SbF6 (MnIII,	S =1) 
 
Fig. 3 (a) Experimental (solid black) and simulated (red dotted) field-dependent FD-FT THz-EPR absorbance 
spectra of [Tp2Mn]SbF6 (S = 1). Experimental spectra were obtained at the indicated magnetic fields by dividing 
raw spectra taken at 40 K and 2 K. Spectra taken at 0 and 0.75 T are divided by 25 and 2, respectively. Adapted 
with permission from Nehrkorn, et al. J. Phys. Chem. B, 119 (2015) 13816. Copyright 2017 American Chemical 
Society.. (b) Simulated zero-field FD-EPR spectrum depicted in (a) plotted for a broader transition energy range. 
(c) Spin energy levels for the same SH parameters depicted for B0||x (green), B0||y (red) and B0||z (blue). Energy 
levels are normalized to the ground state, i.e., the energy difference to this state is plotted. The gray box indicates 
the spectral range accessible to conventional EPR spectrometers. For further details, see Refs. [23, 25]. 
Fig. 3 (a) depicts FD-FT THZ-EPR absorbance spectra of [Tp2Mn]SbF6 containing MnIII in S 
= 1 state. At cryogenic temperatures, two pronounced EPR resonances are observed already at 
zero magnetic field. These transitions can be directly assigned to transitions between the three 
spin states |0ۧ, |൅ۧ and |െۧ depicted in Fig. 3 (c) (note that transitions between |൅ۧ and |– ۧ are 
EPR forbidden). The energies of these states are െమయܦ, భయܦ ൅ ܧ and భయܦ െ ܧ, respectively. Hence, 
ܦ and ܧ can be accurately determined from the zero-field spectrum. This is an important 





ground-state EPR transition for the given case (see gray box in Fig. 3 (c)). Even SHF-EPR 
operating below 510 GHz (17 cm-1) would only excite a small part of the spectrum. However, 
results complementary to FD-EPR can be obtained by multi-high frequency EPR (MHF-EPR) 
employing multiple radiation sources and broad magnetic-field scans [23]. Ultimate robustness 
and accuracy in the SH parameters of HS systems can be attained by combined MHF- and FD-
EPR studies. In the present case, both ZFS- (ܦ = 17.87 cm-1 and ܧ = 0.42 cm-1) and ݃-values 
(݃௫ = 2.065, ݃௬= 2.073, ݃௭ = 1.978) could be determined with high precision by the 
combination of FD-FT THz-EPR and ultra-wide band MHF-EPR [23, 25]. 
4.1.2. FD-FT THz-EPR of ferric (S = 5/2) hemin  
 
Fig. 4 FD-FT THZ-EPR of hemin in FeIII (ܵ = 5/2) state. (a) Experimental (black solid lines) and simulated (blue 
dotted lines) spectra. The upper panel depicts MDS spectra, while the lower panel shows a zero-field FD-FT THz-
EPR absorbance spectrum obtained by dividing raw spectra taken at 40 K and 2 K. Simulated ground-state 
transition energies for B0||z (green lines) are shown in the upper panel. Data are offset for clarity. For further 
details see Ref. [25]. Adapted with permission from Nehrkorn, et al. J. Phys. Chem. B, 119 (2015) 13816. 
Copyright 2017 American Chemical Society. (b) Corresponding spin-energy level diagram with MS quantum 





in (a) are highlighted by red arrows. (c) Dependence of EPR transitions 1) (red triangles) and 3) (black circles) on 
the angle ߙ between ࡮ଵ and ࡮଴, measured at B0 = 7.5 T and T = 2 K. Corresponding simulations are shown as red 
dotted and black solid lines, respectively. For further details, see Refs. [25, 27]. Adapted with permission from 
Nehrkorn et al. Phys. Rev. Lett., 114 (2015) 010801. Copyright 2017 American Physical Society. 
Fig. 4 depicts FD-FT THz-EPR spectra of the ferric iron (S = 5/2) in hemin (Fe(PPIX)Cl, 
chloro[3,7,12,17-tetramethyl-8,13-divinylporphyrin-2,18-dipropanoato(2−)]FeIII). 
Experimental spectra were obtained on powder samples that were mixed with high-density 
polyethylene, (HDPE) finely ground and pressed to a pellet. The lower panel in Fig. 4 (a) shows 
the zero-field absorbance spectrum. Two EPR transitions with opposite sign are clearly 
identified. Positive and negative contributions to the FD-FT THz-EPR spectrum originate from 
the division by reference spectra. Ground state transitions exhibit the largest population 
difference and hence strongest EPR at very low temperatures. At higher temperatures, where 
reference spectra are taken, the intensity of ground-state transitions is strongly reduced, while 
transitions between higher lying excited states gain in intensity.  
Based on their sign and spectral position, the observed EPR peaks can be assigned to a ground-
state transition and a transition between excited states. In case of vanishing rhombicity 
transition energies are 2ܦ and 4ܦ, respectively. The opposite sign is a result of the division of 
raw spectra taken at different temperatures (see Fig. 1 b) and 1c)). ZFS parameters can be 
directly determined from the zero-field spectrum. To determine both ܦ and ܧ the detection of 
two zero-field transitions is required. However, the detection of a ground-state EPR transition 
and at least one transition between excited states is sometimes difficult, due to smaller 
population differences in the latter case.  
Therefore, the field dependence of the ground-state EPR transitions has to be studied for a 
definite assignment of the ZFS parameters. According MDS FD-FT THz-EPR spectra for 





at 3.5 T and higher fields. This transition is also accessible to conventional EPR and can be 
used for estimates of ܦ. Yet, much more precise SH-parameters are obtainable by a 
simultaneous simulation of zero-field and MDS FD-FT THz-EPR spectra, which yielded in the 
present case: ܦ = 6.930(5) cm-1, หಶವห = 0.00(2), ݃ୄ= 1.95(5), ݃|| = 2.05(5) [25]. 
Further valuable information on the parity of the involved spin states can be obtained by 
measuring the dependence of the EPR transitions on the orientation between B1	and B0. In Fig. 
4 (c), experimental and simulated [27] intensities of transition 1) and 3) are plotted vs.  the 
angle between B1 and B0, in Voigt configuration. Gradual change of  is not possible in 
conventional EPR spectrometers but, quasi-optical spectrometers, like the set-up depicted in 
Fig. 2, provide more experimental freedom and allow for the realization of such experiments. 
From Fig. 4 (c), it becomes apparent that the dependence of the two EPR transitions clearly 
differs.  
Transition 3), which corresponds to a transition from the ground state to the first excited state, 
reaches its maximum for B0٣B1 and disappears for B0||B1. For this transition, the magnetic-
dipole moment is complex, perpendicular to B0, and has odd parity. On the contrary, transition 
1), which corresponds to a transition between two states with equal parity, shows exactly 
opposite dependence on  For this case the magnetic-dipole moment is real and parallel to B0 
[27]. This assignment is quantitatively confirmed by simulations, that have been obtained with 
EasySpin based on equations published in Ref. [27]. Such EPR linear dichroism experiments 
can be used to determine parities of states involved in EPR transitions. This Information is of 
great relevance in, e.g., SMM research, where parity impacts quantum tunneling effects. 
4.1.3. FD-FT THz-EPR on ferric met-hemoglobin and -myoglobin  
Studies in the ZFS of HS iron porphyrins are not limited to model systems but can be even 





FT THz-EPR spectra of the met states (FeIII, ܵ =5/2) of hemoglobin and myoglobin, both with 
fluoro and aquo ligands. Measurements were performed at lHe temperatures on frozen aqueous 
solutions containing heme concentrations between 11(2) mM and 22(2) mM. From 
experimental FD-FT THZ-EPR spectra, the field dependence of spin transitions within the 
ground-state doublet, for all four protein systems, and transitions between ground state and first 
excited doublet for metHb and metMb flouro-states could be recorded. These transitions are 
plotted in Fig. 5 against spin-energy-levels calculated with eq. 2. From comparison between 
experimental and simulated FD-FT THz-EPR data, we found purely axial ZFS of: D = 5.0(1) 
cm-1 (fluoro-metMb), D = 9.2(4) cm-1 (aquo-metMb), D = 5.1(1) cm-1 (fluoro-metHb) and D = 
10.4(2) cm-1 (aquo-metHb).  















































Fig. 5 FD-FT THz-EPR transitions (red symbols) for metMb (left) and metHb (right), both with fluoro (top) and 
aquo (bottom) ligands. Experimental results are plotted together with the lowest energy levels calculated for B0∥z 






4.2. Multinuclear HS Systems 
Multi-nuclear HS clusters with N exchange-coupled electron spins are among the major targets 














Here	ܪ෡୞ୣୣ,௜ and ܪ෡୞୊ୗ,௜ are again the single-ion Zeeman interaction and ZFS, respectively, as 
defined in eq. 2. In addition, ܪ෡୉୶ represents the exchange interaction between electron spins, 
where ࡶ௜௝ is the exchange interaction between the ith and jth electron spin. When only ܪ෡୉୶ is 
present, and ࡶ௜௝ is isotropic, ܵ is a good quantum number (ࡿ෡ଶ|ܵۧ ൌ ܵሺܵ ൅ 1ሻ|ܵۧ). A full 
magnetic characterization of an exchange coupled complex requires the determination of both, 
ࡶ௜௝ and ZFS. The direct determination of large exchange interactions by EPR is hampered by 
the fact that transitions between multiplets differing in ܵ are EPR forbidden [40]. However, 
such transitions can be observed by inelastic neutron scattering (INS) [41]. In principle, the INS 
spectra already contains all the desired information, but oftentimes the assignment of the 
different INS peaks is not possible or plagued with ambiguity. Due to its difference in the 
selection rules, complementary FD-FT THz-EPR measurements can significantly simplify this 
task. Beyond this, FD-FT THz-EPR provides higher sensitivity and resolution compared to INS 
and, such, can often be applied to cases, where INS fails.  
4.2.1. The single molecule magnet Mn2Os7MeOH 
The relevance of EPR for the characterization of SMM was highlighted by the early assignment 





the energy barrier against magnetization reversal [42]. This spectroscopic breakthrough induced 
intense ongoing field-domain [43, 44] and frequency-domain EPR [21, 31, 35, 45] studies in 
the SH parameters of SMMs. The aim of these studies is the assignment and understanding of 
the parameters determining the barrier against magnetization reversal and thereby pave the way 
for SMMs exhibiting slow relaxation of the magnetization at ever higher temperatures. In the 
quest for systems exhibiting larger magnetic anisotropies, much effort is devoted to 4d, 4f and 







Fig. 6 (a) Molecular structure of the trinuclear Mn2Os anion in Mn2Os•7MeOH. Os - dark blue, Mn - magenta, N 
- blue, O - red, C - gray. Experimental (Exp.) and simulated (Calc.) FD-FT THz-EPR absorbance spectra (b) and 
INS spectra (c) of MnIII2OsIII •7MeOH. THz-EPR and INS spectra are recorded at zero magnetic field and at the 
temperatures indicated in the respective boxes. Non magnetic transitions in the FD-FT THz-EPR spectra are 
marked by an asterisk.  is the incoming neutron wavelength and Q the momentum transfer to Mn2Os•7MeOH. 
The gray line indicates the estimated phonon background, which was estimated by rescaling a high temperature 
spectrum (here 40 K) by the Bose factor [46]. Spectra are offset for clarity. Dotted lines indicate ground state 





parameters of the simulations are given in the text. Adapted with permission from Pinkowicz et al. J. Am. Chem. 
Soc., 137 (2015) 14406. Copyright 2017 American Chemical Society 
Fig. 6 (a) depicts the molecular structure of the {[MnIII(salphen)]2 [OsIII(CN)6]} anion in 
(PPN){[MnIII(salphen)]2 [OsIII(CN)6]}7MeOH (Mn2Os7MeOH) (PPN+ = 
bis(triphenylphosphoranylidene) ammonium cation; H2salphen = N,N'-bis(salicylidene)-1,2-
diaminobenzene). Mn2Os·7MeOH is a trinuclear cyanide bridged complex containing two MnIII 
(3d4) and a OsIII (5d5). It behaves as an SMM with an effective barrier for the magnetization 
reversal, (Ueff/kB), of 17.1 K. In Fig. 6 (b) and (c) FD-FT THz-EPR and INS spectra of 
MnIII2OsIII ·7MeOH are plotted, respectively. In zero field, FD-FT THz-EPR spectra exhibit 
one ground-state transition (M1) at 14.1 cm-1. The intensity of this transition decreases with 
increasing temperature due to a decrease of the population difference of the spin-energy levels. 
In addition, M1 splits in an externally applied magnetic field. INS spectra show a ground-state 
transition at the same spectral position. Though, in addition to M1, INS spectra contain a second 
ground-state transition M2 at 35 cm-1 with nearly the same intensity as M1. The latter peak is 
not observed in the FD-FT THz-EPR. These findings in combination with an analysis of the Q-
dependence, allowed for an assignment of M1 to an EPR allowed transition from the spin-
ground state and M2 to an INS allowed but EPR forbidden transition from the same spin state 
[31].  
SH parameters for Mn2Os·7MeOH were obtained by fits to the experimentally obtained INS 
and FD-FT THz-EPR spectra and magnetometry data [31]. OsIII has unquenched orbital angular 
momentum. Its splitting between the ground state doublet and excited states exceeds 4500 cm-
1 [47]. Hence, OsIII can be described by an effective spin ߬ = ½ experiencing pronounced 
exchange interactions to each of the MnIII (ܵ = 2). A comparison of SH models employing 
isotropic and anisotropic exchange interactions revealed that isotropic exchange between the 
metal ions is not able to reproduce the experimental data. Instead, anisotropic exchange has to 





SH parameters [31]. The Jahn-Teller axes of the MnIII are identified from analysis of X-ray 
diffraction data and are chosen as main anisotropy axes, resulting in a tilt between molecular 
and ZFS frame of the MnIII ions. Yet, ambiguity in the coordinate frame of the anisotropic 
exchange interaction remained. Three parameter sets were obtained, which fit the experimental 
data equally well. The corresponding parameter sets, labeled X, Y, Z, are summarized in Table 
1). Simulations using Fit X are shown in Fig. 6.  
 Fit X Fit Y Fit Z 
ܬ୶୶ / cm-1 +30.0(5) −25.5(5) −22.0(5) 
ܬ୷୷ / cm-1 −23.5(5) +32.0(5) −25.9(2) 
ܬ୸୸ / cm-1 −24.0(5) −24.0(5) +28.9(2) 
ܦ୑୬ / cm-1 −4.1(1) −4.2(1) −3.7(1) 
Table 1: Best-fit SH parameters for MnIII2OsIII ·7MeOH [31]. 
The main deviation between these parameter sets is the sign of the individual J	components. 
Nevertheless, the obtained SH parameters clearly revealed that anisotropic exchange is 
necessary to yield satisfactory match between calculated and experimental data. In fact, it 
turned out that the magnetic anisotropy of the molecule in toto is not due to ZFS of the 
incorporated TMI, but due to anisotropic exchange interactions between them [31].  
These results are in accordance with previous FD-FT THZ-EPR studies in the SH parameters 
properties of similar trinuclear MnIIIMIIIMnIII (M = Cr (3d), Ru (4d), Os (5d)) complexes [28-
30]. Also in (NEt4){[MnIII(5-Brsalen)]2[(MeOH)2MIII(CN)6]}, with (M = Os and Ru) 
pronounced anisotropic exchange between the ions was observed. In addition it was found that 
the average magnitude of the anisotropic exchange increases upon replacement of Ru by Os 
[30]. This fact could be rationalized by the more diffuse 5d orbitals of Os as compared to the 
4d orbitals of Ru [30]. In this study, anisotropy in the exchange could be assigned to a bent 





combined FD-FT THz-EPR and INS, these important findings, further promote exchange 
interactions as source of magnetic anisotropy and possible lever to increase the energy barrier 
in SMSs.  
5. DISCUSSION 
5.1. Comparison of FD-FT THz-EPR to other EPR spectrometer concepts 
FD-FT THz-EPR’s main field of application is the detection of EPR resonances distributed over 
a broad transition-energy/magnetic-field range (5 cm-1 – 180 cm-1/-11 T to 11 T). Such systems 
are, at least partly, also accessible to other high-field/high-frequency EPR approaches, like 
field-swept SHF-EPR [48] or MHF-EPR [49] and frequency-domain magnetic resonance 
(FDMR) [35, 45]. The technique most closely related to FD-FT THz-EPR is FDMR, which also 
provides FD-EPR spectra at fixed or zero magnetic field as absolute absorption or transmission 
change. In FDMR, changes of the resonance condition are achieved by sweeps of the excitation 
frequency. Similar results can in principle be obtained by absorption spectroscopy employing 
the broadband excitation spectrum of laser driven THz-sources in a THz time domain 
spectroscopy (THz-TDS) experiment [50, 51]. Up to now, this approach found only very little 
application in FD EPR spectroscopy, but may gain importance due to the rapid progress in laser 
based THz spectroscopy. The performance of FDMR, FD-FT THz-EPR and THz-TDS for 
studies in the magnetic properties of MNMs was recently compared by van Slageren [45]. 
On the contrary, SHF- and MHF-EPR are field-domain EPR techniques. SHF-EPR 
spectrometers are optimized to a limited excitation-energy range and usually incorporate a 
sample resonator, while MHF-EPR spectrometers allow for excitation at many different 
frequencies. Comparisons of different spectrometer approaches for the detection of very large 





SHF-EPR employing resonant structures is superior to MHF- and FD-EPR with respect to its 
absolute sensitivity and the possibility to perform pulse and double-resonance experiments. 
Higher absolute sensitivities are particularly important when the sample amount is limited, like 
in most protein studies. Yet, for applications to HS systems with large ZFS, SHF-EPR 
experiences severe limitations, as it can only provide a one-dimensional scan through the two-
dimensional energy-field landscape. In the worst case, it may completely miss the ZFS 
transitions in a given HS system. Due to this fact, ultra-broadband methods like MHF-EPR, 
FDMR or FD-FT THZ-EPR might be the better choice to map out the spin-transition 
energy/field landscape for concentrated HS samples with large ZFS.  
Comparing different broadband EPR methods, MHF-EPR and FDMR potentially exhibit higher 
spectral resolution as compared to FD-FT THz-EPR. In the latter case, the resolution is 
determined by the FTIR spectrometer (typically > 0.001 cm-1 or 300 MHz). It is, therefore, 
unsuitable for the resolution of small ݃‐tensor anisotropies or hyperfine interactions. However, 
large ZFS of HS states are determined by measurements of ground-state EPR transitions, which 
typically exhibit inhomogeneous line widths beyond the instrumental limit. 
MHF-EPR and FDMR experiments can cover a broad range of excitation energies from below 
1 cm-1 to about 50 cm-1, but 30 cm-1 are a more realistic limit. The extension of this range to 
higher energies is restricted by the lack of sources providing sufficient power. By contrast, FD-
FT THz-EPR reaches much higher excitation energies (ൎ 180 cm-1 for the BESSY II setup), 
which can be extended further towards the FIR range. This can be achieved by a proper choice 
of the optical components and the window materials. Further striking advantages of FD-FT 
THz-EPR and FDMR over field-domain EPR approaches are the capability to record zero-field 
EPR spectra and the possibility to compare absolute EPR intensities over a broad energy/field 






5.2. Current limits of ultra-broadband EPR 
Despite ongoing progress in high-field/high-frequency EPR-spectrometer technology and 
simulation capabilities, simulated EPR spectra of HS systems do not yet reach the excellent 
agreement, which is routinely achieved for X- or Q-band EPR spectra of, e.g., organic radicals. 
This observation is not a peculiarity of FD-EPR, but has been stated also for field-domain MHF-
EPR [49, 52]. Deviations between experimental and simulated spectra may be due to sample-
related, computational and instrumental reasons. In the following, we summarize some of the 
issues that can lead to uncertainties in the interpretation of HS systems with large ZFS and 
discuss possible measures to improve the situation. 
In general, sample morphology, concentration and solvent effects impact the EPR spectrum. In 
conventional EPR, it is common practice to measure diluted samples (µM and below) as frozen 
solutions in solvents that form good glasses. Thereby, excellent powder patterns are obtained 
and inter-molecular spin couplings are suppressed. Due to sensitivity limitations and strong 
dielectric absorption of most solvents in the THz-range, this approach frequently fails in FD- 
and MHF-EPR. Therefore, most studies of HS systems are performed on highly concentrated 
ground powder samples. Though, this approach can lead to inter-molecular couplings between 
neighboring complexes, partial ordering of the sample due to torqueing [49] of the 
microcrystallites in the external magnetic field and deviations of the measured spectrum from 
a perfect powder pattern due to the polycrystalline nature of the samples [23]. Although, there 
is no easy way out of these challenges, measures can be taken to address them individually. 
Intermolecular spin-spin interactions can be modulated even in polycrystalline powders by a 
gradual replacement of paramagnetic ions by diamagnetic equivalents. However, to perform 
the replacement such that the magnetic properties remain unaltered is a challenging task. The 
orientation of the sample in a magnetic field can be avoided by fixation of the powder in a 





The latter are also less prone to artifacts arising from imperfect powder averaging in 
polycrystalline samples. 
Further deviations between experiment and simulation may originate from the assumptions 
made in the computer simulations. Generally, terms up to the order 2ܵ in the spin operator ࡿ෡ 
are effective in the SH [53]. Hence, with increasing ܵ  the complexity of the SH increases. Since 
the disentanglement of all contributing magnetic parameter is rarely possible, more cursory 
effective models are used. Validation of these models requires a variation of the experimental 
parameters over a very wide range and a comparison of data sets obtained on different 
spectrometers. However, even in cases where the dominating SH terms are identified, the 
simulation of HS spectra can be tricky. For instance, simulated field-domain EPR spectra of HS 
systems with looping transitions critically depend on the starting field [54]. The choice of a too 
coarse powder-averaging grid can lead to severe artifacts. Comparison of field-domain and 
zero-field FD-EPR data can again help to improve the situation. 
Finally, instrumental peculiarities have to be considered. The realization of very wide 
frequency- and/or field-sweeps is difficult. Uncertainties in the experimental parameters, which 
are very well controlled in state-of-the-art single- (conventional) frequency spectrometers, can 
therefore impair the precision of broadband EPR measurements. Relevant issues include: phase 
variations due to source instabilities, long-term variations and standing waves in the 
transmission lines, limited knowledge of the incident excitation power and thereby the 
saturation behavior of the sample under study, and inaccurate B0 calibration. Solutions to these 
challenges strongly depend on the employed spectrometer concept and are part of the ongoing 
progress in high-frequency EPR-spectrometer development. 
These developments are challenging, and as a result, EPR spectrometers covering a very broad 
excitation-energy/magnetic-field range are still much less available than, e.g., X- and Q-band 





parameters of many HS systems were limited to a single EPR spectrometer. However, it is our 
strong belief that the availability of an increasing number of broadband EPR spectrometers 
(including user facilities) [55] and simulation capabilities, will lead to a systematic 
discrimination between sample-related, theoretical and instrumental influences on the EPR 
spectra of HS states with very large ZFS. Such studies will further increase the information 
content extractable from the EPR spectra. 
6. OUTLOOK 
In the preceding sections of this article, we described the benefits and working principles of 
FD-FT THz-EPR based on THz-CSR, discussed FD-EPR simulation strategies and exemplified 
their combined use for studies in the spin-coupling parameters of mono- and multinuclear HS 
systems with very large ZFS. However, the potential of this approach is far from being fully 
exploited. 
FD-FT THz-EPR is the ideal technique to study EPR transitions distributed over a very wide 
transition-energy range, which is very challenging or even impossible with other EPR 
techniques. For example, HS TMIs like NiII [6] or CoII [7] can exhibit ZFS far beyond 30 cm-1. 
Even higher ZFS are found in lanthanides. Mono- and multinuclear complexes containing HS 
TMIs or lanthanides, will therefore remain among the prime targets of such studies. Thereby, 
FD-FT THZ-EPR can provide further highly-desired pieces of information, relevant for future 
magneto-structural correlation studies and the characterization of MNMs with ever larger 
magnetic anisotropies.  
The recent increase of the experimental versatility and sensitivity of the FD-FT THz-EPR set-
up arises from the insertion of quasi-optical components, which conserve the polarization of 
the THz-radiation. This allows now for free choice of the orientation between B0	and B1	as well 





e.g., the parity of spin states involved in the EPR [27] and realize induction-mode detection 
schemes, which can potentially improve the detection sensitivity.  
The further development of FD-FT THz-EPR will significantly benefit from the availability of 
higher and higher magnetic fields and novel excitation sources. In particular, the employment 
of accelerators as excitation sources for EPR experiments in the range between 3 cm-1 (W-band) 
and the THz and FIR range has only started [16, 21, 56, 57]. Optimization of these sources will 
increase their stability and thereby the achievable signal to noise ratio in the measured EPR 
spectra.  
In addition to its stable broadband high-power spectrum, THz-CSR offers another very 
promising characteristic, namely time dependence. THz-CSR consists of short high-power and 
high-repetition-rate (up to 500 MHz) pulses as it results from ps-long electron bunches in the 
storage ring. This radiation can be used for transient THz spectroscopy [58] and potentially also 
for EPR experiments in time domain. The prospects of FD-FT THZ-EPR may even rise by next-
generation accelerator sources. In particular, the concept of a variable-pulse-length storage ring 
projected by Helmholtz-Zentrum Berlin (BESSY-VSR), will increase the achievable THz-CSR 
power levels, the variability in the choice of the excitation spectrum and the time structure of 
the emitted THz-pulses [59].  
These achievements will enable novel FD-FT THz-EPR detection schemes for studies in the 
SH parameters of HS systems, which are currently out of reach due to low spin concentration, 
low availability or extreme ZFS.  
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